New methods on optical clearing provide a valuable alternative to traditional physical section histology. Optical clearing allows investigation of relatively large tissue samples at histological resolution while maintaining the three-dimensional architecture of the intact system. There is significant potential for applying optical clearing to gastrointestinal tissues. In particular, intestinal crypts contain high concentrations of stem cells, making these structures especially important for research on cellular proliferation in the intestinal epithelium. The objective of our study is to demonstrate an optical clearing method that is easy to implement and is compatible with mitotic fluorescent labeling. The optical clearing method we present utilizes a Triton/DMSO delipidization step followed by refractive index matching, rendering the tissue nearly transparent. We use EdU click chemistry to fluorescently label mitotic cell nuclei. Our results demonstrate successful clearing of jejunal samples with readily visible EdU staining by means of confocal microscopy. Three-dimensional reconstruction of labeled samples reveals preservation of intestinal cytoarchitecture including muscular, submucosal, and mucosal layers. Additionally, the morphology of intestinal crypts and individual EdU-positive mitotic nuclei are visible in sharp detail within their intact three-dimensional organization. In summary, we present an optical clearing method that is easy to implement and has the potential to provide more accurate assessment of cellular proliferation within the gastrointestinal tract in both healthy and disease states.
Introduction
Recent years have seen a surge in methods for optical clearing of biological tissues (see reviews by Lee et al. 2016; Seo et al. 2016; Richardson & Lichtman, 2015) . This is driven largely by the advantages of visualizing three-dimensional cytoarchitecture of relatively large tissue samples at histological resolution. A multitude of optical clearing methods have been developed for this purpose, including CLARITY and its variants Tomer et al. 2014; Yang et al. 2014; Palmer et al. 2015) , SWITCH (Murray et al. 2015) , BABB (Dodt et al. 2007; Schwarz et al. 2015) , 3DISCO (Erturk & Bradke, 2013) , iDISCO (Renier et al. 2014) , SeeDB (Ke et al. 2013) , FRUIT (Hou et al. 2015) , Scale (Hama et al. 2015 (Hama et al. , 2011 , CUBIC (Susaki et al. 2014) , and ClearT (Kuwajima et al. 2013) . Although details of the protocols differ, they all depend on reagents that significantly reduce the amount of absorption and scattering of light through the tissue, rendering the sample almost entirely transparent. This is typically accomplished by delipidization followed by immersion in an appropriate refractive index-matching solution for fluorescence microscopy (Silvestri et al. 2016) . Rather than physical sectioning, as would be used during conventional histology, a cleared specimen may be imaged using a microscopy technique that allows for optical sectioning such as confocal microscopy, two-photon microscopy, or selective plane illumination (light-sheet) microscopy.
Although the majority of optical clearing studies have centered on neural tissue, several investigators have successfully cleared and imaged intestinal tissue. Mouse intestine has been cleared and imaged using the aqueous clearing agent FocusClear (Fu et al. 2009 (Fu et al. , 2013 Fu & Tang, 2010) , urea-based ScaleA2 and fructose-based SeeDB (Liu et al. 2015) , as well as the BABB method based on organic solvents (Parra et al. 2010) . Human normal and cancerous intestines have also been cleared and imaged using FocusClear (Liu et al. 2013 (Liu et al. , 2012 (Liu et al. , 2011 . Most recently, the PACT variant of CLARITY was successfully applied to human and mouse gut and mesentery for visualization of the enteric nervous system (Neckel et al. 2016) . Although FocusClear, urea, and fructose clearing methods are relatively simple, they have limited preservation of fluorescent proteins or fluorophores. CLARITY exhibits good fluorescence preservation but is a more challenging and complicated method.
The goal of our present study is to demonstrate an optical clearing protocol that is simple to implement and maintains strong fluorescence. We accomplish this by employing a 'hybrid' technique in which delipidization is achieved with Triton X-100 detergent and dimethylsulfoxide (DMSO) based on the method of Zukor et al. (2010) followed by refractive index matching using an Iohexol-based solution formulated by Yang et al. (2014) . Unlike CLARITY, this technique does not require embedding the sample in an acrylamide hydrogel, as demonstrated previously by Lai et al. (2016) . We apply this method to mice in which mitotic cells in intestinal crypts were labeled using EdU fluorescent click chemistry. This simple method demonstrates three-dimensional visualization of proliferating cells within intestinal crypts.
Materials and methods

Animals and tissue preparation
Male C57BL/6J mice (Jackson Laboratory) between 9 and 12 weeks of age were studied. The mice were housed in our animal facility under a 12/12 h light/dark cycle and were provided food and water ad libitum. Click-iT EdU Alexa 488 imaging kits (Invitrogen, Carlsbad, CA, USA) were used for labeling mitotic cells. Mice were administered 10 mM EdU in DMSO via intraperitoneal injection 1.5-2 h prior to sacrifice. Sacrifice was accomplished by asphyxiation in 100% CO 2 followed by surgically induced pneumothorax. All animal procedures comply with established guidelines and were approved by the Midwestern University Glendale Institutional Animal Care and Use Committee.
Optical clearing and imaging
Intestines were dissected immediately following sacrifice and sections of jejunum 6-10 mm in length were immersion-fixed in 4% paraformaldehyde (PFA) for 3 days at 4°C with gentle agitation followed by washes in 19 phosphate-buffered saline (PBS) with 0.02% sodium azide. These jejunal sections were trimmed to 2-mm segments and immersed in clearing solution consisting of 19 PBS, 20% DMSO, and 2% Triton X-100 (Zukor et al. 2010) . The samples were incubated in clearing solution overnight at room temperature with gentle agitation and then washed with 19 PBS for 1 h. For EdU detection, samples were incubated in reaction cocktail for 2 h at room temperature, followed by an additional 2-h incubation in fresh reaction cocktail. After washing overnight in 19 PBS, samples were incubated for 2 days in an Iohexol-based refractive indexmatching solution (RIMS) prepared according to the formulation of Yang et al. (2014) . RIMS consisted of 40 g of Histodenz (Sigma) in 30 mL of 0.02 M phosphate buffer with 0.1% Tween-20 and 0.01% sodium azide, with a pH of 7.5. To visualize all cell nuclei, (4 0 ,6-diamidino-2-phenylindole) (DAPI) was added to RIMS at a concentration of 1 : 800 prior to the 2-day incubation.
In preparation for imaging, small wells were fashioned on microscope slides using adhesive spacers (Adhesive Silicone Isolators, Grace Bio-labs). The wells were filled with fresh RIMS (without DAPI) and the samples were immersed in the RIMS-filled wells. A glass coverslip was secured to the top of the silicone spacer. Imaging was performed on a Leica TCS SPE confocal microscope using a 209 water-immersion objective (numerical aperture = 0.6) and a 409 oil-immersion object (numerical aperture = 1.15). Three-dimensional reconstructions were generated using the Leica LAS-X software package.
Results
Fixation with 4% PFA provided excellent tissue stabilization without the need for acrylamide gels or other molecular scaffolds. Optically cleared jejunum maintained its native in situ cytoarchitecture, allowing visualization of distinct histological layers and their transitions. DAPI staining of cell nuclei reveals elongated nuclei of the outer longitudinal smooth muscle layer and the inner circular smooth muscle layer (Fig. 1) . The submucosal layer transitions into a crypt layer characterized by distinctive rings of cells. The crypt layer then transitions to villi with welldefined core lacteal and capillary structure. Supporting Information Video S1 displays a complete sequence of optical sections through a depth of 223 lm including muscular, submucosal, and mucosal layers.
The Triton/DMSO clearing also preserves fluorescent labeling of mitotic cells via EdU click chemistry. Figure 2 demonstrates EdU-positive nuclei restricted almost entirely to the crypt layer, as would be expected. These EdU-labeled nuclei constitute a limited subset of the DAPI-stained nuclei present in the optical section.
Three-dimensional reconstruction exhibits the jejunal cytoarchitecture in sharp detail (Fig. 3) . EdU-positive nuclei are visible in the deep mucosal layer, and their arrangement within the cylinder-shaped crypts becomes readily apparent when the volume is rotated to the appropriate orientation. The combination of extended depth and thin optical sections provides three-dimensional visualization that cannot be achieved with registration of conventional physical sections. Supporting Information Video S2 presents an animation of the three-dimensional image volume with precise visualization of mitotic nuclei within crypts.
Discussion
The optical clearing method described here yields jejunal samples that maintain their intact histological structure while preserving fluorescent signal and does not require acrylamide hydrogel embedding. There are numerous advantages of optical clearing compared with conventional histology. Traditional physical sectioning is inherently destructive to tissues. Although optical clearing certainly transforms the tissue of interest, it still maintains the structure of the intact biological system . Compared with physical sectioning, optical sectioning via confocal or two-photon microscopy provides greater z-dimension resolution. In the results presented here, we were able to image jejunal tissue with a z-step interval of less than 0.45 lm over a depth of more than 200 lm. The consequent three-dimensional reconstructions provide much greater fidelity than can be achieved by attempting to register a series of serial physical sections, which is also a much more laborious process. Perhaps the most significant advantage of optical clearing is the ability to image relatively large samples at histological resolution. With customized optics and optimized microscope systems, it is possible to use optical clearing to image whole rodent brains (Dodt et al. 2007; Hama et al. 2011; Chung et al. 2013; Erturk & Bradke, 2013; Ke et al. 2013; Kuwajima et al. 2013; Susaki et al. 2014; Tomer et al. 2014; Yang et al. 2014; Murray et al. 2015; Schwarz et al. 2015; Pan et al. 2016) , other whole rodent organs (Fu et al. 2009; Zukor et al. 2010; Kuwajima et al. 2013; Yang et al. 2014; Zhang et al. 2014; Murray et al. 2015; Pan et al. 2016) , and whole rodent embryos (Dodt et al. 2007; Hama et al. 2011; Erturk & Bradke, 2013; Ke et al. 2013; Kuwajima et al. 2013; Renier et al. 2014) . Although our investigation utilized a comparatively basic confocal microscope with off-the-shelf optics, we were still able to image through depths of more than 200 lm, which is valuable for targeted investigations of specific structures such as intestinal crypts.
Our study is not the first to successfully apply optical clearing to intestinal tissue. As noted in the Introduction, other groups have used a variety of protocols to clear and image intestine ranging from simple autofluorescence (Parra et al. 2010) to multiple immunofluorescent tagging (Neckel et al. 2016 ). However, our study demonstrates the use of EdU click chemistry with a simple clearing method, allowing for precise visualization of cell proliferation within intestinal crypts.
The method described here is also compatible with immunohistochemistry, as demonstrated by multi-channel immunolabeling in murine testis tissue (Kaufman et al. 2016) . In addition to rodent tissues, this method could also be applied to human biopsy or surgical resection samples, keeping in mind the practical limits of the size of the sample, as has been demonstrated by others (Perbellini et al. 2017) . Moreover, the method described here should be applicable to other soft tissues besides intestine. While certain tissues such as muscle and collagen can require special clearing treatments (Greenbaum et al. 2017; Lai et al. 2017; Mohammadkhah et al. 2017; Perbellini et al. 2017 ), our method is compatible with intestine, testis (Kaufman et al. 2016) , and neural tissue (unpublished observations).
We believe that optical clearing provides significant advantages for research on cellular proliferation in the gastrointestinal system. Intestinal stem cells within proliferative crypts have been the target of investigation of a variety of gastrointestinal disorders including cancer (van der Flier & Clevers, 2009) , immune disorders such as Crohn's disease and inflammatory bowel disease (Zbar et al. 2004) , and diabetes (Leung et al. 2014) . Threedimensional visualization of intestinal crypts as demonstrated here may produce more accurate measurements of cellular proliferation and crypt morphology, with a consequent better understanding of these mechanisms in gastrointestinal health and disease.
